A trpE mutant of Serratia marcescens (E-7) was isolated, and the multimeric enzyme tryptophan synthetase (EC 4.2.1.20) was purified to homogeneity from derepressed cells. The A and B subunits were resolved, and the B subunit was partially characterized and compared with the Escherichia coli B subunit as part of a comparative evolution study of the trpB cistron of the trp operon in the Enterobacteriaceae. The S. marcescens B subunit is a dimer (fl2), and its molecular weight was estimated to be 89,000. The separate subunits (,B monomers) had molecular weights of approximately 43,000. The B subunit required pyridoxal phosphate for catalytic activity and had an apparent Km of 9 x 106 M. The N terminus of the B subunit was unavailable for reaction with terminal amine reagents (blocked), whereas carboxypeptidase digestion released a C-terminal isoleucine. Using S. marcescens B antiserum in agar immunodiffusion gave an almost complete reaction of identity between the B subunits of S. marcescens and E. coli. The antiserum was used in microcomplement fixation, allowing for a comparison of the overall antigenic surface structure of the two B subunits. The index of dissimilarity for the heterologous E. coli enzyme compared with the homologous S. marcescens enzyme was 2.4, indicating extensive similarity of the two proteins at their surfaces. Comparative antiserun neutralization of B-subunit enzyme activity showed the E. coli enzyme to cross-react 85% as well as the S. marcescens enzyme. With regard to the biochemical and immunochemical parameters used in this study, the S. marcescens and E. coli B subunits were either identical or very similar. These findings support the idea that the trpB cistron of the trp operon is a relatively conserved gene in the Enterobacteriaceae.
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In the bacteria that have been examined, the final step in the biosynthesis of tryptophan is catalyzed by tryptophan synthetase (EC 4.2.1.20, L-serine hydrolyase [adding indole]). The multimeric enzyme is composed of an A subunit that catalyzes the aldolysis of the indoleglycerol phosphate to indole and glyceraldehyde-3-phosphate and a B subunit that catalyzes the pyridoxal phosphate (PLP)-dependent condensation of indole and L-serine to tryptophan (6) . Although the separated subunits are capable of catalyzing their respective reactions alone, catalysis proceeds most efficiently when the subunits are complexed as A2B2 oligomer (6) . The A subunit of Escherichia coli has been crystallized, and its primary structure is already known (9, 10) . In addition, A-subunit primary sequence data are available for some related enteric bacteria (13) (14) (15) . The B subunits of E. coli, Pseudomonas putida, and Bacillus subtilis have been purified and well characterized (11, 17, 30) . Work on the primary sequence of the E. coli enzyme is currently in progress (I. P. Crawford, personal communication). One question raised by these and other studies concerns the evolution of the enzyme tryptophan synthetase (5) .
In previous immunochemical studies, it was suggested that the A and B subunits of tryptophan synthetase in the Enterobacteriaceae had experienced substantially different rates of evolutionary divergence. The B subunit showed very extensive immunochemical cross-reaction, whereas the corresponding A subunits cross-reacted to a substantially lesser extent (20, 24, 26) . Primary sequence data for the enteric bacteria A subunits are in agreement with the immunochemical data available (13, 20, 26) . The extensive immunochemical cross-reaction among the enteric bacteria B subunits suggests a corresponding similarity in the primary structure of these proteins. In an attempt to gain some insight into this question, we have embarked on a project to establish the nature ofthe relationship between immunochemical cross-reaction and primary sequence among the enteric bacteria B subunits. We report here our work concerning the purification and partial characterization of the of L-tryptophan per ml. The cells were routinely derepressed for 6 to 8 h after the cessation of growth. After derepression, the cells were harvested in a Beckman zonal rotor adapted for continuous flow and stored at -20°C.
Purification of S. marscens tryptophan synthetase. Derepressed E-7 cells were suspended in 0.1 M potassium phosphate buffer, pH 7.0, containing 10-3 M 2-mercaptoethanol and 10 ug of PLP per ml. The cells were disrupted in 300-ml batches by three 5-min exposures to high-frequency sonic disruption with a 5-min cooling period between treatments. The extract temperature was maintained below 8°C. After clarification of the homogenate by centrifugation (10,000 x g for 45 min), tryptophan synthetase was purified from the crude extract by minor modification of the procedure of Wilson and Crawford (30) .
Enzyme assays. The B subunit of tryptophan synthetase was measured in the presence of excess E. coli A subunit by the disappearance of indole in its conversion to tryptophan (27) . The A subunit of tryptophan synthetase was assayed in the presence of excess E. coli B subunit in the indole-to-tryptophan reaction (6) . Anthranilate synthetase (glutamine dependent) and anthranilate phosphoribosyltransferase were measured as described by Hutchinson and Belser (12) . One unit of enzyme activity is defined as that catalyzing the formation of 1.0 umol of product or the disappearance of 1 (29) . The gels were calibrated by using lysozyme (molecular weight, 14,-300), E. coli tryptophan synthetase A subunit (molecular weight, 28,400), ovalbumin (molecular weight, 43,000), and bovine serum albumin (molecular weight, 68,000).
N-terminal and C-terminal amino acid analysis. The dansylation procedure of Gray (8) as described by Woods and Wang (31) was used to identify the N-terminal amino acid. The carboxypeptidase A procedure of Ambler (3) was used in conjunction with dansylation of the released amino acid to determine the C-terminal amino acid. Performic acid-oxidized B subunit was used for both analyses.
Immunochemical analysis. Antisera to the S. marcescens B subunit were prepared in rabbits. Two rabbits were injected in the toepads and footpads with 8 mg of purified B subunit in Freund complete adjuvant. After 8 weeks, each rabbit was boosted with 2 mg of B subunit in buffered saline in the marginal ear vein. One week later, the rabbits were bled by cardiac puncture, and the sera obtained were labeled R-1-5974 and R-3-8974. The B subunit used was prepared by using the 79°C heat step of Wilson and Crawford (30) . In the present study we make reference to a previous immunochemical study conducted with E. coli B subunit antiserum, and it should be noted that the antiserum was raised to protein prepared in an identical manner and that the route of antigen entry was also identical (26) .
Immunodiffusion experiments were performed by the method of Ouchterlony (21), using buffered 1.5% deionized agar. Antiserum neutralization of B-subunit enzyme activity was carried out as previously described (26) . Quantitative microcomplement fixation was performed by the method of Wasserman and Levine (28) as previously described (20, 26) . RESULTS Tryptophan synthetase source. S. marcescens E-7 was isolated from the wild-type strain after two exposures to NG and two double cycles of ampicillin enrichment. Initially the mutant was isolated on minimal plates containing indole; later it was established that it could also be grown on anthranilate-enriched minimal plates. This suggested that the genetic lesion of E-7 was somewhere in the anthranilate synthetase system, either in the anthranilate synthetase subunit itself (trpE) or in the G subunit that allows glutamine to participate as an amino donor in the overall reactions (trpG). Crude extracts prepared from derepressed cultures of E-7 had no demonstrable anthranilate synthetase activity (Table 1) . However, such extracts do contain material that immunologically cross-reacts (CRM+) with antiserum prepared in rabbits against S. marcescens anthranilate synthetase, and such extracts also contain high levels of G subunit as judged by E. coli Col complementation assays (M. Largen, personal communication). Thus, it appears that E-7 is a trpE point mutation which is either a missense mutant or a relatively late nonsense mutant that synthesizes a nonsense fragment which retains some antigenic structure. Consistent with this conclusion is the fact that E-7 reverts to the prototrophic state upon NG mutagenesis. Table 1 presents the relative amount of tryptophan biosynthetic enzymes produced upon derepression of E-7 by tryptophan starvation. The percentage of B subunit in derepressed crude extracts can be estimated from its specific activity value and that of purified E. coli B subunit (12 pmol/min per mg [30] ). In this particular case the value is 2.5%. Thus, E-7 is capable of producing very high concentrations of the B subunit, as well as the other typtophan biosynthetic enzymes, and it was selected as the mutant of choice for our B-subunit isolation work. As a consequence, we were confronted with a copurification problem involving the A and B subunits of tryptophan synthetase.
Purflcation of S. marmescns tryptophan synthetase. Table 2 presents the results of a typical tryptophan synthetase purification experiment. The procedure is basically that of Wilson and Crawford (30) , with the addition of a gel filtration chromatography step (Sephadex G-150) and the omission of the second 79°C heat step, at least at this point. This procedure provides for the preparation of pure tryptophan synthetase complex (Fig. 1) . Tryptophan synthetase complex has been obtained in homoge- (25) . After isolation of the tryptophan synthetase complex, the individual subunits were separated by various procedures, all of which resulted in recovery of homogeneous B subunit preparations that had significantly reduced specific activities compared with either that of the AB complex obtained in Table 2 or the published values for the E. coli enzyme.
The simplest procedure for the separation of the A and B subunits involved a second heat step in 0.6 M phosphate buffer at 79°C for 90 s as described by Wilson and Crawford (30) . Although this approach provides for the preparation of milligram amounts of homogeneous B subunit, its principal drawback involves a rather poor recovery of the protein. Apparently, much of the B subunit in S. marcescens is lost as an AB complex during the thermal inactivation and precipitation of the A subunit. A second method for the separation of the A and B subunits involved gel filtration chromatography in 8 M urea. Recovery of both subunits is possible in good yields by this approach, and for studies concerned with protein chemistry of the B subunit, it was the method of choice.
Molecular-weight determination. Our initial experiment to determine the molecular weight of the B subunit involved polyacrylamide gel electrophoresis of the S. marcescens holoenzyme and the E. coli enzyme, which has a known molecular weight of 89,000 for the holoenzyme (82 dimer). In such experiments, the two enzyme proteins were shown to co-migrate in polyacrylamide gels of various percent composition, indicating a molecular weight for the S. marcescens holoenzyme of approximately 89,000 ± 5,000 (data not shown). To explore the possible subunit structure of the B protein, SDS-polyacrylamide gel electrophoresis studies were perfonned. Using a number of standard proteins, the SDS-gels were calibrated, and a plot of the logarithms of their molecular weight versus their respective mobilities gave a straight line (data not shown). SDS-denatured B-subunit preparations demonstrated a single stining band with a molecular weight of 43,000 ± 3,000 (8 monomers).
N-terminal amino acid analysis. The identity of the amino-terminal residue of the B subunit was examined by the extremely sensitive dansyl chloride procedure; however, repeated attempts failed to free a dansylated N-terminal amino acid. The identical procedure performed on lysozyme, as a control, easily demonstrated an N-terminal lysine.
C-terminal amino acid analysis. Using time-dependent carboxypeptidase A digestion of performic acid-oxidized B subunit in combina- Michaelis constant for PLP. S. marcescens apo B protein was prepared as previously described (19) and was then incubated in the presence of increasing amounts of PLP. After incubation at 0°C for 48 h, indole-to-tryptophan activity was assayed by using reaction mixtures that lacked PLP but contained excess A subunit. A plot of l/v versus 1/s gave a straight line yielding an apparent Km for PLP of 9 x 10-6 M. In terms of their behavior toward PLP, the E. coli and S. marcescens B proteins had similar binding characteristics.
Immunochemical analysis. Using S. marcescens B subunit antiserum R-1-5974, three separate immunochemical tests were performed comparing the S. marcescens and E. coli enzymes. Immunoprecipitation in agar gels showed very strong cross-reaction, suggesting a strong degree of antigenic similarity between the two proteins (Fig. 2) . To further investigate this point, the antigenic surface structure of the two enzymes was examined by microcomplement fixation. In this test, the index of dissimilarity is defined as the ratio of antiserum concentration required for homologous and cross-reacting antigens to give identical levels of fixation. Figure  3 illustrates how the concentration of antiserum necessary for the E. coli B subunit to show equivalent fixation with the S. marcescens enzyme is established. Antiserum dilutions of 1/7,000, 1/6,000, and 1/5,000 reacted with the E. coli enzyme to give a series of complement fixation profiles (Fig. 3A) whose maxima, when plotted against the logarithm of the antiserum dilutions, gave a straight line (Fig. 3B) . In the same experiment, the S. marcescens enzyme was examined at an antiserum dilution of 1/14,000 (Fig. 3) . Regression analysis was performed for the three heterologous points obtained with the three antiserum dilutions, and the equation of of dissimilarity values for these two B subunits reacting with either S. marcescens or E. coli Bsubunit antiserum are presented in Table 3 . The extent of immunological cross-reaction between the two proteins and the reciprocal antisera was essentially identical for the first-course sera and quite close for the second-course sera.
To examine a more restricted set of antigenic determinants, we compared S. marcescens and E. coli with respect to antiserum neutralization of B-subunit enzyme activity. Neutralization of B-subunit enzyme activity was found to be linearly proportional to antiserum concentration (Fig. 4) Immunochemical comparative studies of the S. marcescens and E. coli B subunits showed the two proteins to be very similar in terms of antigenic structure and confirmed previous observations (24, 26) . In microcomplement fixation, only surface antigenic determinants are reactive, and therefore a general measure of antigenic structure can be made through this procedure. In this study, the index of disimilarity of E. coli compared with S. marcescens, using S. marcescens B-protein antiserum, was 2.4. This value is quite comparable to the value of 2.3 previously obtained for the reciprocal test with E. coli B-protein first-course serum and to the 1.8 value obtained with second-course sera (Table 3) . Index of disiilarity values of this magnitude indicate that these two proteins have, on their surfaces, a large proportion of antigenic determinants that either are identical or crossreact. The orthodox interpretation of these data is that the primary structures of the surfaces of the two proteins are similar, suggesting a conserved evolution.
Enzyme neutralization experiments using S. marcescens B serum showed that the heterologous E. coli B subunit reacted 85% as well as the homologous S. marcescens enzyme. Thus, the two proteins share on their surfaces a number of antigenic sites that are very similar, that cannot be blocked, and have the enzymes maintain activity. The normal interpretation of this observation is that the active sites of these two proteins are quite similar. In support of this conclusion, it should be noted that the primary sequence of the B-protein pyridoxyl peptide (23 VOL. 134, 1978 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from residues) of E. coli and S. marcescens, which is probably close to or actually part of the enzyme active site, has been shown to be completely conserved (Rocha et al., Abstr. Annu. Meet. Am. Soc. Microbiol. 1976, K127, p. 157; manuscript in preparation). It is possible, however, to argue that antibody-induced conformational changes could explain these results with the active sites being dissimilar.
Thus, a protein can be isolated from S. marcescens which converts indole to tryptophan. With respect to enzyme reaction requirements, enzyme physical chemistry, and immunochemical characteristics, the protein is quite similar to the E. coli tryptophan synthetase B protein.
Among the Enterobacteriaceae, the B subunits of E. coli and S. marcescens show the greatest difference in immunochemical cross-reaction (26) , although the B subunit of Erwinia carotovora is of a similar level of immunochemical relatedness (24) . Thus, it is tempting to generalize about the B subunits of the entire enteric bacteria group based on what is observed in a comparison of the E. coli and S. marcescens enzymes. It was for this reason that we chose the S. marcescens enzyme for our initial work, and at this point we would suggest that the tryptophan synthetase B subunits from all the enteric bacteria are quite similar to each other. We are currently pursuing limited amino acid sequence studies and comparative trypsin mapping studies on the B proteins from a number of bacteria from the Enterobacteriaceae in an effort to support or refute our conclusion concerning the conserved evolution of this enzyme among these organisms.
